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ABSTRACT
Assuming a hydrostatic equilibrium in an HI cloud, the joint Poisson’s equation is
set up and numerically solved to calculate the expected HI distribution. Unlike previous
studies, the cloud is considered to be non-isothermal, and an iterative method is em-
ployed to iteratively estimate the intrinsic velocity dispersion profile using the observed
second-moment of the HI data. We apply our iterative method to a recently discovered
dwarf galaxy Leo T and find that its observed HI distribution does not comply with the
expected one if one assumes no dark matter in it. To model the mass distribution in
Leo T, we solve the Poisson’s equation using a large number of trial dark matter halos
and compare the model HI surface density (ΣHI ) profiles to the observed one to iden-
tify the best dark matter halo parameters. For Leo T, we find a pseudo-isothermal halo
with core density, ρ0 ∼ 0.67 Mpc−3 and core radius, rs ∼ 37 parsec explains the
observation best. The resulting dark matter halo mass within the central 300 pc, M300,
found to be ∼ 2.7 × 106 M. We also find that a set of dark matter halos with simi-
lar M300 ∼ 3.7 × 106 M but very different ρ0 and rs values, can produce equally
good ΣHI profile within the observational uncertainties. This, in turn, indicates a strong
degeneracy between the halo parameters and the best fit values are not unique. Interest-
ingly, it also implies that the mass of a dark matter halo, rather than its structure primarily
directs the expected HI distribution under hydrostatic equilibrium.
Key words: ISM: clouds – ISM: structure – galaxies: dwarf – galaxies: ISM – galaxies:
individual: Leo T – (cosmology:) dark matter
1 INTRODUCTION
Though the Λ−CDM model of cosmology has been immensely
successful in explaining the observable universe at large scales
(Efstathiou, Bond & White 1992; Riess et al. 1998; Spergel et al.
2007), several inconsistencies yet persist between its predictions
and observations in smaller scales (Boylan-Kolchin, Bullock &
Kaplinghat 2011, 2012; Hayashi & Chiba 2012). The ‘miss-
ing satellite’ problem (Klypin et al. 1999; Moore et al. 1999;
Wadepuhl & Springel 2011) poses one of the significant chal-
lenges to the current understanding of the Λ − CDM model.
The number of predicted small galaxies within the virial radii of
massive galaxies, (for example the Milky Way) are found to be
an order of magnitudes higher than what is observed as luminous
satellites of such galaxies.
Several recent numerical and observational efforts have
closed the gap between the predicted and observed Milky Way
satellites significantly though (Sand et al. 2015; Zolotov et al.
2012; Kravtsov, Gnedin & Klypin 2004; Faerman, Sternberg &
McKee 2013; Belokurov et al. 2007), the difference remains.
Amongst several solutions proposed for this problem, HVC-
minihalo hypothesis is one of the promising one (Sternberg, Mc-
? E-mail: narendra@ncra.tifr.res.in
Kee & Wolfire 2002; Giovanelli et al. 2010; Faerman, Stern-
berg & McKee 2013). In this hypothesis, the population of
unidentified satellite mini-halos are camouflaged as the Compact
High-Velocity Clouds or Ultra Compact High-Velocity Clouds
(CHVCs/UCHVCs) observed in the circumgalactic medium of
the Galaxy. As these satellite galaxies do not have enough ob-
servable star formation, very often they are referred as dark
galaxies.
The star formation recipes in these low mass satellites are
not well understood and deviates (Roychowdhury et al. 2009,
2014) from the well-established prescriptions for larger galax-
ies (Kennicutt 1998; Leroy et al. 2013). This, in turn, leads to
a poor assessment of the luminosity function and subsequently
the number counts of faint satellites which are expected to be de-
tected in an optical survey. In fact a number of attempts to detect
stellar component in potential dark galaxy candidates resulted
in null detections (Hopp, Schulte-Ladbeck & Kerp 2003, 2007;
Siegel et al. 2005; Willman et al. 2002; Davies et al. 2002; Simon
& Blitz 2002; Sand et al. 2015). However, the poor understand-
ing of star formation laws in these smallest galaxies are not ex-
pected to affect the HI mass function; and these low mass objects
are expected to be detected in adequate numbers in large area
HI surveys. There already exist a number of observational efforts
detecting these potential dark galaxies (Adams et al. 2016, 2015;
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Oosterloo, Heald & de Blok 2013; Giovanelli et al. 2010; Irwin
et al. 2007; Rhode et al. 2013), and many more are expected to be
detected in future large area HI surveys (e.g. Medium deep Sur-
vey by APERTIF, WALLABY by ASKAP (Duffy et al. 2012)
etc.).
However, the HI properties of these galaxies are expected to
be very similar to that of the CHVCs or UCHVCs. This, in turn,
would make it difficult to identify the possible satellite galax-
ies from a pool of CHVCs/UCHVCs just by looking at their
HI morphology (see, e.g. Sternberg, McKee & Wolfire 2002).
However, a galaxy with cosmological origin will be hosted by a
dark matter halo whereas an HI cloud of galactic origin would
not. As a self-gravitating cloud can not induce rotation by itself,
the presence of a rotating disk in a galaxy is considered to be
a reliable indicator of the presence of a dark matter halo in it.
However, though, very often the smallest galaxies lack enough
angular momentum to induce rotation in their discs (see, e.g.,
Adams et al. 2016, 2015). In these situations, measurement of
the rotation curve is not possible.
Along with detecting potential satellite galaxies, measure-
ment of the dark matter distribution in these galaxies would pro-
vide critical constraints to the cosmological models of structure
formation. For example, Strigari et al. (2008) found a common
mass scale in MW satellite galaxies by performing a maximum
likelihood analysis on the line-of-sight velocity dispersion data
of stars. They found that all the satellite galaxies have a similar
amount of dark matter mass of ∼ 107 Mwithin their central
300 pc. Hence, it would be interesting to perform mass mod-
elling of these smallest galaxies to investigate their dark matter
distribution. However, the inability to measure the rotation curve
in these galaxies inhibits the mass-modelling in a conventional
way.
Both dark galaxies and clouds that originate from the galac-
tic ISM are likely to be in rough hydrostatic equilibrium; how-
ever, only dark galaxies are expected to have a dark matter halo.
The presence of the dark matter halo is expected to affect the
distribution and kinematics of the HI gas. Conversely, the ob-
served HI distribution, along with the assumption of hydrostatic
equilibrium could be used to constrain the amount of dark matter
associated with an HI cloud. Here we build a detailed hydrostatic
equilibrium model for Leo T, a recently discovered dwarf galaxy.
However, this modelling can be used for any pressure supported
galaxy to estimate its dark matter content and distribution.
Leo T is one of the smallest known gas-rich galaxies in
the local universe and is at an estimated distance of only ∼420
kpc (Irwin et al. 2007). The HI morphology of this galaxy is
very similar to that of the CHVCs/UCHVCs (Ryan-Weber et al.
2008). This makes it an excellent test bed for using hydro-
static equilibrium models to try and distinguish between dwarf
galaxies and UCHVCs/CHVCs. Previous studies, e.g., Faerman,
Sternberg & McKee (2013) developed models for gas-rich ob-
jects, where hydrostatic equilibrium along with photoionisa-
tion sets the HI half-mass radius. These models are not self-
consistent as they do not account for the gravity of baryons.
Not only that, but these models also assume the galaxy to be a
Warm Neutral Medium (WNM) cloud with a fixed temperature
of ∼ 104 Kelvin. However, the interstellar medium (ISM) of
galaxies is known to be dominated by turbulent motions which
set the equilibrium in the neutral phase of the ISM (Young &
Lo 1996, 1997; Young et al. 2003). In this scenario, a thermal
temperature of 104 Kelvin might not be a good proxy to the hy-
drostatic pressure.
In this paper, we set up self-consistent (i.e., accounting for
the gravity of the gas and stars) models for HI clouds with or
without dark matter. We also try a variety of different dark matter
halos and determine via a Monte-Carlo approach the best dark
matter halo which produces the observed HI distribution for Leo
T. This allows us to perform a mass-modelling of Leo T provid-
ing constraints on parameters like central dark matter density as
well as the core radius of the isothermal dark matter halos that
we use for the modelling.
2 FORMULATION OF EQUATION AND
CONSTRAINTS
Here we consider HI clouds which are very similar in HI prop-
erties to that of small pressure supported galaxies (e.g., Leo T)
or the UCHVCs/CHVCs. We also consider that these clouds re-
side in the circumgalactic medium with a nominal distance of
∼ 1 Mpc. In the absence of any large-scale motion or rotation,
these HI clouds then can be assumed to be in approximate hy-
drostatic equilibrium. In fact, the circular symmetry observed in
resolved HI maps of UCHVCs/CHVCs (Adams, Giovanelli &
Haynes 2013) or in Leo T (Adams & Oosterloo 2018), the only
known pressure supported galaxy indicates a minimal presence
of large-scale motion or external disturbances. The lack of ro-
tation in these objects can also be confirmed from the observed
HI velocity field. Lastly, these objects are highly unlikely to be
confined by the external pressure of Hot Ionised Medium (HIM)
or radiation. As shown in details in Faerman, Sternberg & Mc-
Kee (2013), a pressure of Pth/kb = nHT & 200d−1Mpccm−3K
is required to support a typical UCHVC at a nominal distance
of ∼ 1 Mpc. Where nH is the volume density of HI in a typi-
cal CHVC/UCHVC and d is the distance in Mpc. T denotes the
temperature of the HIM ( few times 106 K). This, in turn, de-
mands such a dense HIM that its total mass inside 1 Mpc would
be comparable to the dynamical mass of the entire local group.
Hence, pressure confinement of the UCHVCs/CHVCs seems to
be highly unlikely. Given these, it is reasonable to assume these
HI clouds to be in hydrostatic equilibrium.
The Poisson’s equation for a spherically symmetric system
then can be written as,
∇2Φ = 4piG (ρs + ρg + ρdm) (1)
where Φ is the total gravitational potential and ρs, ρg and
ρdm are the volume density of stars, gas and dark matter halo
respectively.
As we are interested in neutral HI clouds, we expect the
amount of radiation and pressure due to it would be negligible
and can be ignored in the formulation of hydrostatic equilibrium
equation. In that case, the pressure will be entirely due to ther-
mal or random turbulent motions which will be balanced by the
gradient in the gravitational potential.
1
ρ
dP
dR
+
∂Φ
∂R
= 0 (2)
Assuming an ideal gas equation, the pressure could be writ-
ten in terms of velocity dispersion which is an observable (indi-
rect) quantity.
P = ρ<σ2> (3)
Combining equations (1), (2) and (3), one can eliminate Φ
and P to obtain
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d2ρ
dR2
=
[
1
ρ
(
dρ
dR
)2
−
(
2
R
+
2
σ
dσ
dR
)
dρ
dR
]
−
[
2ρ
σ2
(
dσ
dR
)2
+
4ρ
σR
dσ
dR
+
2ρ
σ
d2σ
dR2
]
−
[
4piGρ
σ2
(ρs + ρg + ρdm)
]
(4)
Here, σ represents the actual velocity dispersion at any radius
r. The above equation cannot be solved without the knowledge
of velocity dispersion (σ) as a function of radius. But, σ is not
a directly measurable quantity. In HI spectral line observations,
the intensity weighted velocity dispersion, i.e., the second mo-
ment (M2) is measured along a line of sight instead of σ. To
overcome this, we construct a procedure called iterative method
in which we estimate the correct σ profile by using the observed
M2 profiles to solve Eq. 4. We describe this method in details in
§ 3.
Eq. 4 is a second-order partial differential equation which
we solve numerically using 8th order Runge-Kutta method as
implemented in python package scipy. As it is a second-order
differential equation, we need at least two initial conditions to
solve it. In hydrostatic equilibrium, the density at the centre
would be maximum leading to dρ
dR
= 0 at R = 0. However,
ρ at R = 0, i.e., ρ0 is not a directly measurable quantity, in-
stead, it can be guessed such as to produce correct observed
HI distribution. In Figure 1 top panel, we plot example solu-
tions for different assumed ρ0. The bottom panel of the figure
shows resulting HI surface densities. To obtain these HI surface
densities a 3D model of the cloud is built using the example so-
lutions and convolved with an assumed telescope beam of 15′′×
15′′ after projecting it to the two-dimensional sky plane. An ob-
served 3-sigma column density threshold is applied to determine
the HI cloud size or maximum HI radius. As can be seen from
the bottom panel of Fig. 1, different central HI densities produce
different maximum HI radius as marked by the arrows.
To solve Eq. 4 for a particular HI cloud, estimating the right
central HI density which produces the observed HI cloud size is
essential. We do it in an iterative manner adopting a bi-section
approach. We pick two central HI densities in a trial and error
basis which produces HI cloud size such that it encloses the ob-
served HI cloud size. For example, in Fig. 1 bottom panel, we
used two central densities as 0.5, and 1.5 Mpc−3 which pro-
duce HI clouds of sizes ∼ 420 pc and ∼ 260 pc (for a 3-sigma
column density of 0.12 Mpc−2) respectively (marked with red
and blue arrows). If we assume a cloud size of say 300 pc, adopt-
ing a bisection method, the final central density can be narrowed
down such that it produces the observed cloud size with an ac-
curacy better than one percent. In this example it is found to be
1.1 Mpc−3. The bisection method is found to converge quickly
within 10s of iterations if the initial central densities are assumed
reasonably.
The intrinsic velocity dispersion profile is one of the im-
portant input parameters in equation 4 and should be known a
priory to solve it. In Fig. 1, we have used a linear intrinsic ve-
locity dispersion profile of the form σ(R) = 0.012×R+ 4 for
demonstration, where σ is in km/s and R is in parsec. However,
practically, σ is not a directly measurable quantity and in the fol-
lowing section, we develop an iterative method to estimate the
σ profile using the observed M2 profile and solve Eq. 4.
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Figure 1. The example solutions of Eqn. 4 for different central HI den-
sities, ρ0. Top panel: The density solutions for different ρ0 values. Bot-
tom panel: Corresponding ΣHI profiles. The arrows indicate the ob-
served HI size of the clouds for a 3-sigma column density sensitivity
of 0.12 Mpc−2 (1.5× 1019 atoms cm−2).
3 ITERATIVE METHOD
To solve Eq. 4 and calculate the HI distribution in a cloud,
one primarily needs two inputs, the central HI density and the
σ profile. But none of these quantities is directly observable.
The central HI density is indirectly determined by the observed
cloud size. Whereas the σ profile is estimated using the itera-
tive method. In this method, we try to estimate a correct intrinsic
σ profile which in hydrostatic equilibrium, will simultaneously
produce the observed HI cloud size and the observed M2 pro-
file. We start with the observed M2 (M2obs) profile as the input
σ profile (σin) and successively decrease it in minute steps (in
each iteration) such that we achieve a σin which is now capable
of producing the observables within the allowed uncertainties.
To do that, in the first iteration, we solve Eq. 4 using the
M2obs as σin. Consecutively, using the solutions, i.e., ρ(R), we
build a 3D model of the cloud. Using this 3D model, we produce
an HI spectral cube and the corresponding M2 profile, M2sim.
As an M2 profile is the intensity weighted sum of the σ values
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along a line-of-sight, M2 is always an overestimate to the intrin-
sic σ. Hence, M2sim will be higher than M2obs. We then cal-
culate the difference between M2obs and M2sim and introduce
a proportional change in the σin for the next iteration. Thus,
iteratively we obtain a such σin which produces an M2sim rea-
sonably matching to M2obs.
We stop the iterative method when M2sim matches to the
M2obs with better than one percent accuracy. However, this ac-
curacy is calculated over the entire profile excluding the central
region of twice the beam size. Due to finite beam size, the M2
values at the central part contains a significant contribution from
the σ values within a region of ∼ a beam size around R = 0.
As a result, a higher σ values at these areas saturates the M2 val-
ues (i.e., doesn’t allow it to decrease) at the centre which in turn
saturates the convergence accuracy.
We evaluate the performance of the iterative method by ap-
plying it to simulated clouds for which the structural parameters
are already known to us. As we want to apply this method to
UCHVCs/CHVCs or potential dark galaxies, we simulate two
types of HI clouds, one without any dark matter and the other
with dark matter. We assume a cloud size of 300 pc for a 3 sigma
HI sensitivity of 0.12 Mpc−2 (1.5 × 1019 atoms cm−2) and
a linear intrinsic σ profile of the form σ(R) = 0.012 × R + 4,
where R is in parsec and σ is in km/s. We used the observed
beam size to be 15′′ × 15′′. The input parameters are motivated
by the observation of Leo T and typical to UCHVCs/CHVCs.
With these inputs and known σ profile, we simulate the two
HI clouds by solving Eq. 4 and consequently produce their
HI moment profiles. We then use these moment profiles as the
inputs to the iterative method to evaluate its performance.
In Fig. 2 we show the performance of the iterative method
on an HI cloud without any dark matter in it. The top panel shows
the input and the recovered M2/σ profiles whereas the bottom
panel shows the input (solid red curve) and the retrieved (black
dashed curve) ΣHI profiles. As can be seen from the figure, the
iterative method could, in fact, estimate a reasonable σ profile
which can produce other observables with acceptable accuracy.
The estimated total intensity profile by the iterative method at
the centre deviates from the actual one by . 10 − 15% due to
convergence stiffness at the centre. However, at the outer radii,
the recovered and the assumed ΣHI profile matches well within
a few percent.
Next, we apply the iterative method to the simulated
HI cloud which is hosted by a dark matter halo. We assumed
the same cloud parameters as used above. Motivated by the ob-
served dark matter density distribution in nearby dwarf galaxies
(Moore 1994; de Blok, McGaugh & van der Hulst 1996; de Blok
& McGaugh 1997; de Blok, McGaugh & Rubin 2001; de Blok
et al. 2002; Weldrake, de Blok & Walter 2003; Spekkens, Gio-
vanelli & Haynes 2005; Kuzio de Naray et al. 2006; Kuzio de
Naray, McGaugh & de Blok 2008; Oh et al. 2011b,a), we use a
pseudo-isothermal dark matter density profile for our simulated
cloud. A pseudo-isothermal profile can be given by
ρ(R) =
ρ0
1 +
(
R
rs
)2 (5)
where the characteristic density ρ0 is the central dark matter den-
sity at R = 0 and rs is the scale radius. These two parameters
completely describe a spherically symmetric pseudo-isothermal
dark matter halo. For this particular case we used ρ0 = 0.1
Mpc−3 and rs = 100 pc.
In figure 3 we show the results of the iterative method for
the HI cloud with dark matter halo. It can be seen from the fig-
ure, the recovered moment profiles well compare with the input
ones, and in all cases, the discrepancy contained within a few
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Figure 2. The results of the iterative method in the absence of any dark
matter halo. Top panel: Show the recovery of the M2 profile by the it-
erative method. The red and the solid magenta lines represent the input
M2 and the σ profiles respectively. Whereas the dot-dashed black and
the dashed blue lines represent the recovered M2 and the σ profiles re-
spectively. Bottom panel: The corresponding input (solid red line) and
the recovered (black dashed line) ΣHI profiles.
percent. This, in turn, implies that if one can adequately guess
the dark matter halo parameters, the M2 and the ΣHI profile can
be recovered with reasonable confidence by the iterative method.
However, there might be degeneracies in the dark matter halo pa-
rameters which we discuss in details in the context of Leo T. In
the following section; we apply this iterative method to the ob-
served data of Leo T to understand its hydrostatic structure and
attempt a mass-modelling.
4 RESULTS AND DISCUSSION
Leo T was discovered in SDSS data release 5 (DDR5) by Ir-
win et al. (2007). With an estimated distance of ∼ 420 kpc, the
HI size and the HI mass of this galaxy are found to be ∼ 300 pc
and ∼ 2.8 × 105 M (Ryan-Weber et al. 2008) respectively. It
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Figure 3. The results of the iterative method with the presence of an
isothermal dark matter halo. The legends in both the panels are exactly
the same as in Fig. 2. See text for more details.
has a very faint stellar population amounting to a stellar mass of
∼ 105 M(Irwin et al. 2007). Though no signature of rotation
is found in the HI velocity field of this galaxy, the presence of a
faint stellar population confirms it to be one of the faintest galaxy
known. The HI properties of this object is highly similar to that
of the UCHVCs/CHVCs, and hence it is an ideal candidate to
apply our hydrostatic modelling.
In Fig. 4 we plot HI moment maps of Leo T as observed by
Ryan-Weber et al. (2008) using the Westerbork Synthesis Radio
Telescope (WSRT). The left panel shows the ΣHI map with con-
tour levels starting from 2 × 1019 atoms cm−2and separated
by
√
2. The middle panel shows the HI velocity field as traced
by the first moment of the HI spectral cube and the M2 map is
shown in the right panel. All the images are at a spatial resolution
of ∼ 13′′×50′′ which translates to a linear scale of ∼ 25×100
pc at the distance of Leo T. From the left panel, it can be seen
that the ΣHI distribution of Leo T looks reasonably symmetric.
Not only that, the velocity field also looks uniform without any
sign of a systematic velocity gradient which enforces the idea
that Leo T is a thermally supported system under hydrostatic
equilibrium.
To perform a self-consistent mass modelling of Leo T, one
needs to calculate the ΣHI and the M2 profiles. In Fig. 5 top
and bottom panels we plot the radial profiles of ΣHI and M2
respectively. The radial profiles are calculated by azimuthally
averaging all the values within a radial bin. To calculate the er-
ror bars in the ΣHI profile, we first determine the uncertainties in
the estimation of the zeroth moment from the spectral cube. This
uncertainty is then added in quadrature to the statistical variation
of ΣHI values within a radial bin to calculate the final error bars.
As can be seen from the top panel of the figure, the ΣHI pro-
file extends roughly up to 300 pc which is assumed to be the
extent of the HI distribution in Leo T. From the bottom panel,
one can see that the M2 profile decreases as a function of radius
after an initial increase at R . 50 pc. The error bars on the M2
profile are calculated using the same technique as it was used to
calculate the error bars on the ΣHI profile. However, M2 mea-
surements are known to be contaminated by low SNR spectra in
the data cube, especially at the outer regions. As a result, the M2
at these areas only trace the peaks of the individual HI spectrum,
which in turn artificially decreases the velocity width leading to
a misinterpretation of the data.
To overcome this SNR problem, we adopt a spectral stack-
ing technique. Given the symmetry in the ΣHI map, the HI spec-
tra within a radial bin are assumed to be similar and stacked af-
ter aligning their central velocities. To align the individual spec-
trum in velocity, one needs to estimate the central velocities. We
adopt a similar approach as used by de Blok et al. (2008) to
estimate the central velocity of an HI spectrum. We fit line-of-
sight HI spectra with SNR & 5 with a Gaussian-Hermite poly-
nomial to estimate its central velocity. All spectra within a radial
bin are then stacked together to generate a high SNR spectrum.
These high SNR stacked spectra are then used to create intensity
weighted second moment or M2 profile which now have much
higher SNR than individual spectrum in the data cube.
It should be noted that the individual HI spectrum must
have a minimum SNR of 5 to qualify for fitting with a Gaussian-
Hermite polynomial. This criterion restricts the radial extent till
which one can generate an M2 profile from stacked spectra. We
have used low resolution (30 ′′) data cube to achieve a higher
SNR to larger radii as compared to high-resolution data. We note
that, as there is no rotation observed in Leo T, spectral broaden-
ing due to rotation within a beam would be negligible. To sam-
ple the radial M2 profile sufficiently, we choose the radial bin to
be half of the beam width. With this criteria, we could generate
M2 profile up to ∼ 250 pc with a minimum SNR of ∼ 25 of
the stacked spectra at the furthest radial bin. In Fig. 6 we plot
the stacked HI spectra in the two extreme radial bins. As can be
seen, the SNRs of these stacked spectra are significantly higher
than the maximum SNR of individual spectra, which is ∼ 5 at
the furthest radial bin.
In Fig. 7 we plot the corresponding M2 profile. The error
bars in the figure are estimated by accounting the noise in the
stacked spectra (same way as done in Fig. 5 except excluding
the statistical variation). The reduced error bars on the new M2
profile is thus an outcome of the significantly higher SNR of the
stacked spectra. We note that the hydrostatic equation (Eq. 4)
has terms with second derivatives in thermal width (σ). How-
ever, given the sensitivity of the observation, we do not expect
to capture a second-order variation in the M2 profile and assume
that a linear fit is a reasonable approximation of the M2 profile.
Nonetheless, from the figure, it can be seen that a straight line
well describes the M2 profile, given the fact that the spectral res-
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Figure 6. Stacked HI profiles at two extreme radial bins of Leo T. The
solid red line represents the stacked HI spectrum at the first radial bin
whereas the black dashed line represents the same at the last radial bin.
olution is 1 km s−1. The slope of the fitted M2 profile is 0.012
± 0.002 km s−1pc−1 with an intercept of 5.5 ± 0.2 km s−1.
Next, we apply the iterative method to Leo T. As Leo T is
very similar to UCHVCs/CHVCs, at first, we will assume that
there is no dark matter in it. Following the same prescription
as described in § 3, we solve Eq. 4 for Leo T. However, unlike
the cloud we solved in § 3, Leo T found to have a stellar com-
ponent. Though the stellar mass is less than half the gas mass,
we include this component in Eq. 4 for consistency. A Plummer
profile found to well describe the observed stellar distribution
(Irwin et al. 2007) which is given by
ρs(R) =
(
3M
4pia3
)(
1 +
R2
a2
)− 5
2
(6)
where M is the total stellar mass (105 M) and a is the Plum-
mer radius (130.8 pc) (see, Irwin et al. 2007, for more details).
Unlike the HI, the stellar component is not considered to be live,
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Figure 7. The M2 profile of Leo T as extracted from the stacked spectra.
The black dashed line represents a linear fit to the profile.
i.e., its density distribution is not calculated by solving Eq. 4
but taken to be fixed by the Plummer formula. This is justified
as an assumed Plummer density profile reproduces the stellar
surface density very well. Nonetheless, the stellar mass present
in Leo T is less than half the gas mass, and hence, it is not ex-
pected to influence the hydrostatic equilibrium considerably. For
the HI component, we use an observed cloud size of ∼ 300 pc.
We also scale the HI mass by a factor of 1.4 to account for the
presence of Helium.
In Fig. 8 top panel we show the input and the recovered M2
profiles as well as the corresponding estimated velocity disper-
sion profiles for Leo T. We note that the recovered M2 profile
matches very well with the input M2 profile. In the bottom panel
we show the corresponding ΣHI profile (red shaded region) as
calculated by the iterative method. This is the required ΣHI pro-
file if Leo T has to be in hydrostatic equilibrium without any
dark matter. Corresponding HI mass would then be ∼ 107 M.
Whereas the observed HI mass is ∼ 2.8 × 105 M. The blue
dashed line in the figure shows the observed ΣHI profile. It can
be seen that the observed HI surface density or mass is much less
than what is required for Leo T to be in hydrostatic equilibrium
without any dark matter.
Next, we try to estimate the dark matter halo parameters
for Leo T which can produce the observed ΣHI or HI mass. To
do that, we first construct a large number of dark matter halos
with different halo parameters and solve Eq. 4 for each of them
to calculate the expected ΣHI profiles. We then compare these
surface density profiles to the observed one to identify the best
matched dark matter halo parameters.
We choose observationally motivated pseudo-isothermal
dark matter halo density profiles to construct our trial dark mat-
ter halos. A pseudo-isothermal halo can be described by two halo
parameters, i.e., the central density, ρ0 and the scale radius rs
(Eq. 5). We explore the two-dimensional parameter space in ρ0
and rs to identify the best dark matter halo parameters for Leo
T.
We chose the ranges of ρ0 and rs in a trial and error basis
so that the modelled ΣHI profiles enclose the observed one. We
vary ρ0 between 0.01− 2.0M/pc3 and rs within 20− 150 pc
in a grid of 100× 100 bins. We note that though these limits well
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Figure 8. Top panel: Shows the observed and the recovered M2 pro-
files along with the estimated intrinsic velocity dispersion profile for
Leo T. The black dashed-dotted line represents the observed M2 pro-
files whereas the red dashed line represents corresponding recovered M2
profile. The solid blue line represents the estimated intrinsic velocity dis-
persion profile. Bottom panel: Shows the recovered and the observed
ΣHI profiles. The red shaded region represents the recovered ΣHI pro-
file by the iterative method whereas the blue dashed line represents the
observed one. As can be seen, the recovered ΣHI profile falls short to
explain the observation if one assumes no dark matter in Leo T. See text
for more details.
comply with the observational or numerical findings (Strigari
et al. 2008), a different set of values for ρ0 and rs might also pro-
duce similar results. We then work out the iterative method for
Leo T in every bin. Solving Eq. 4 with dark matter is a compute-
intensive step. However, as the halo parameters are independent,
Eq. 4 can be solved in parallel for different dark matter halos.
We implement this using MPI based parallel code and run on a
High-Performance Computing cluster to speed up the calcula-
tions.
In Fig. 9 top panel, we show the parameter space of ρ0 and
rs for which we solve Eq. 4. The colour scale indicates the mass
of the dark matter halos within their central 300 pc region. The
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Figure 9. Top panel: The ρ0 − rs space for which Eq. 4 is solved. Each
pixel in this panel represents an assumed dark matter halo. The colour
scale indicates the mass of the dark matter halos (within central 300 pc).
The thick black cross with ρ0 = 0.67 Mpc−3 and rs = 37 pc indi-
cates the dark matter halo which produces the best-matched ΣHI profile
to the observation. The hatched region includes all the dark matter halos
which produce ΣHI profiles consistent with the observed one within the
observational uncertainties. Bottom panel: The blue shaded region con-
fines the ΣHI profiles for all the dark matter halos as indicated in the
top panel. The solid red circles with error bars represent the observed
ΣHI profile.
choice of the parameter space explores a wide range of dark mat-
ter halo mass from 1.4×104 M to 7.6×107 M. However, all
of these dark matter halos do not produce a hydrostatically sta-
ble structure of size 300 pc. For example, a highly massive dark
matter halo with large gravity would produce a smaller cloud for
a fixed pressure profile (decided mostly by the intrinsic σ pro-
file). On the other hand, a very light dark matter halo would need
a large amount of HI to produce the extra amount of gravity re-
quired to make the cloud stable. This, in turn, would result in a
large HI column density. We exclude both these types of dark
matter halos on a trial and error basis as they are not useful to
produce the observed ΣHI. However, we make sure that the rest
of the dark matter halos produce ΣHI profiles which enclose the
observed one very well. In the bottom panel of Fig. 9, the blue
shaded region confines all such ΣHI profiles produced by the
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Figure 10. Top panel: Shows the best-matched ΣHI profile for Leo T
as recovered by the iterative method. The solid red circles with error
bars represent the observed ΣHI, whereas the blue dashed line repre-
sents the best-matched ΣHI profile produced by a dark matter halo with
ρ0 ' 0.67 Mpc−3 and rs ' 37 pc. Bottom panel: Shows the corre-
sponding M2 and σ profiles. The black dashed-dotted and the red dashed
lines represent the observed and the recovered M2 profiles respectively
whereas the solid blue line represents the estimated σ profile. As can be
seen from the top panel, the iterative method recovers a dark matter halo
which reasonably well produces the observed ΣHI profile.
valid halos whereas the red circles with error bars represent the
observed ΣHI profile.
We use a χ2 minimization method to identify the model
ΣHI profile which matches best to the observed one. In Fig. 10
top panel, we show the best-matched profile (blue dashed line)
along with the observed one (solid red circles with error bars).
The observed and the recovered M2 profiles along with the
corresponding σ profile are shown in the bottom panel. It can
be noted that the retrieved M2 profile (red dashed line) well
matches with the input one (black dashed-dotted line) with a
convergence accuracy better than 1%. This indicates a reason-
ably well estimation of the σ profile (solid blue line) by the iter-
ative method. As it can be seen from the top panel of Fig. 10, the
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Figure 11. The solid red circles with error bars represent the observed
ΣHI profile for Leo T whereas the red dashed line represents the best-
matched one. The blue shaded region confines all the ΣHI profiles which
match with the observation within one-sigma error at all radius. The
hatched region in Fig. 9 represents corresponding dark matter halos.
observed and the best matched ΣHI profiles compare very well
with each other. The best matched dark matter halo parameters
are found to be ρ0 ' 0.67 Mpc−3and rs ' 37 pc which is
marked by a thick black cross in the top panel of Fig. 9. The mass
of the dark matter halo within 300 pc is found to be∼ 2.7×106
M. We note that the dynamical mass of Leo T assuming an
isothermal constant σ of 7 km s−1 is ∼ 107 M, which is ∼ 3
times larger than what we estimate here.
Next, we identify all the modelled ΣHI profiles which en-
tirely lies within the error bars of the observed profile. We expect
that given the uncertainties in the observed ΣHI profile, these
profiles are reasonably fit to match the observation. In Fig. 11,
the blue shaded region confines all such profiles whereas the
solid red circles with error bars represent the observed ΣHI pro-
file. These halos are equally suitable to host Leo T. Interestingly,
all of these dark matter halos lie in an envelope of approximately
equal dark matter halo mass as shown by the hatched region
in Fig. 9 top panel. The mean mass of these dark matter halos
(within 300 pc) is 3.7 × 106 Mwith a standard deviation of
0.7 × 106 M, though the values of ρ0 and rs vary almost by
a factor of three. This, in turn, indicates that there is a strong
degeneracy between ρ0 and rs such that the halo mass is almost
constant. Consecutively it implies that the best fit dark matter
halo parameters are not unique. In fact, there is a minimal varia-
tion in the χ2 within the hatched region as compared to the outer
regions of the parameter space. This leads to the conclusion that
within our assumed parameter space, the dark matter halo mass
mostly decides the ΣHI under hydrostatic equilibrium. As it can
be seen from Fig. 9 top panel, the parameter space of rs is not
fully explored. We restrict our simulation within the shown pa-
rameter space, noting that the simulations are computationally
expensive and we only wish to provide a rough estimation of the
dark matter halo parameters.
5 SUMMARY AND CONCLUSION
Using virial theorem, it has long been argued that a typical
HI cloud with properties of CHVCs/UCHVCc perhaps cannot be
stable under self-gravity if they have to be in hydrostatic equilib-
rium. However, these calculations always assume an isothermal
cloud filled with WNM gas. But, there are enough shreds of ev-
idence (see, e.g., For et al. 2016) that indicate more complex
structures in these clouds with an observed velocity dispersion
gradient. In these scenarios, proper treatment with a velocity dis-
persion gradient would be necessary to infer the stability criteria.
For example, if we consider Leo T to be a CHVC/UCHVC and
has a velocity dispersion ∼ 3 km s−1 at the centre which in-
creases linearly to a value ∼ 12 km s−1 at its edge, it will have
a stable structure without any dark matter with ∼ 3 times the
observed HI mass in it. This, in turn, will place Leo T at a dis-
tance of ∼ 720 kpc instead of 420 kpc for the observed HI flux
which is quite reasonable for a CHVC/UCHVC. Hence, infer-
ring the stability criteria using a simple virial approach with an
assumption of isothermal condition might lead to a wrong con-
clusion. However, as the distance to the UCHVCs/CHVCs are
not known, a direct conclusion about the presence of any dark
matter in them is not straightforward, though, a limit in the dis-
tance can be drawn if one assumes it to be in hydrostatic equilib-
rium. This can then have significant implications to understand
their origin and nature. It should be noted that the absence of any
pressure confinement is one of the key assumptions in our calcu-
lation. As it has been discussed in details in Faerman, Sternberg
& McKee (2013), the hot-ionized gas around these objects is un-
likely to provide enough pressure support to hold these objects
as it will require an unnaturally high density of the HIM.
Assuming a prevailing hydrostatic equilibrium, we apply
our iterative method to a gas-rich optically faint Milky Way
satellite galaxy Leo T. An assumption of no dark matter results
in a very high required HI mass or ΣHI to maintain its sta-
bility. We further use the iterative method to model the mass
distribution in Leo T. We find that a dark matter halo of mass
∼ 2.7× 106 M can produce the observed HI moment profiles
reasonably well. A dark matter halo with core density, ρ0 ' 0.67
Mpc−3 and a core radius, rs ' 37 pc is found to produce
a ΣHI best matched to the observed one. However, we find a
strong degeneracy between these two halo parameters and hence
the best fit values are not unique.
We have also found that all the dark matter halos which
can produce the observed ΣHI profile within the observed un-
certainties have very similar dark matter mass within central 300
pc, even though there is a large variation in ρ0 and rs. This in-
dicates that the HI distribution of Leo T is primarily set by the
mass of the dark matter halo rather than its detailed structure.
However, the structural parameters, e.g., the core density (ρ0) is
closely related to the epoch at which the halo formed (see for ex-
ample Strigari et al. 2008). Hence, estimating these parameters
have cosmological implications. For Leo T, we note that the cen-
tral core density acquires a flat value of∼ 0.1 Mpc−3 in halos
with large scale-radius. This, in turn, indicates an upper limit of
redshift for the formation of the dark matter halo in Leo T. We
note that we do not fully explore the parameter space of ρ0 and
rs though, the trend doesn’t seem to violet this conclusion.
A similar approach was used by Sternberg, McKee &
Wolfire (2002) to estimate the surface density profile of HI gas
in hydrostatic equilibrium in dark matter halos and was applied
to Leo T by Faerman, Sternberg & McKee (2013). Faerman,
Sternberg & McKee (2013) found a dark matter halo mass of
∼ 8 × 106 M for Leo T within its central 300 pc which is
somewhat larger than our result. However, Faerman, Sternberg
& McKee (2013) considered the gas to be in isothermal condi-
tion, and the gravity due to gas and stars were ignored. Whereas,
we self consistently solve the Poisson’s equation including gas
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and stellar mass and allow the velocity dispersion to vary as a
function of radius.
Strigari et al. (2008) performed a Maximum likelihood
analysis to estimate the dark matter content of 18 Milky Way
satellite galaxies using line-of-sight velocity dispersion data of
stars. They determined the dark matter distributions in these
galaxies and found halo masses in the range of 3 × 106 to
3 × 107 M within the central 300 pc region. Their result
indicates a characteristic mass scale of ∼ 107 M in these
satellite galaxies. They attributed it to a common mass scale of
the dark matter halos which favours the formation of galaxies
within them. However, folding into their kinematic information,
Collins et al. (2014) examined the structure of 25 Andromeda
dwarf spheroidal galaxies by more than doubling the sample
size of previous studies. They found that no universal mass pro-
file can explain the mass distribution in these galaxies which is
supported by later numerical studies as well (Martinez 2015).
For Leo T, we also find that no particular mass distribution is
uniquely favoured for producing the observed HI distribution
which support the non-existence of a universal mass profile.
In summary, assuming hydrostatic equilibrium, we set up
the Poisson’s equation for an HI cloud in non-isothermal condi-
tion. Using 8th order Runge-Kutta method, for the first time we
solve this equation self-consistently including a stellar compo-
nent and a dark matter halo. We implement an iterative method
which iteratively estimates the intrinsic velocity dispersion pro-
file suitable to produce the observed moment profiles. By sim-
ulating model HI clouds and applying the iterative method, we
demonstrate that it can recover the actual moment profiles rea-
sonably well within a maximum error of ∼ 10 − 15% at the
centre. Solving the hydrostatic HI structure for Leo T, we also
demonstrate that this could be used to infer if an observed HI dis-
tribution is compilable with hydrostatic equilibrium assumption
under self-gravity or not. This, in turn, can be used to iden-
tify potential satellite galaxies from a pool of UCHVCs/CHVCs.
Further, we model the mass distribution in Leo T by searching
through a host of dark matter halos and comparing the modelled
ΣHI profiles to the observed one. The best fit dark matter halo
found to have a ρ0 ' 0.67 Mpc−3and rs ' 37 pc with a
mass ∼ 2.7 × 106 M within central 300 pc. We find a strong
degeneracy between the dark matter halo parameters indicating
a non-uniqueness of the best fit dark matter halo structure. Inter-
estingly, this also implies that under hydrostatic equilibrium, the
mass of a dark matter halo primarily dictates the observed ΣHI
distribution rather than its detailed structure.
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